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Objective: Growing evidence suggests that peak wall stress (PWS) derived from ﬁnite element analysis (FEA) of abdominal
aortic aneurysms (AAAs) predicts clinical outcomes better than diameter alone. Prior models assume uniform wall
thickness (UWT). We hypothesize that the inclusion of locally variable wall thickness (VWT) into FEA of AAAs will
improve its ability to predict clinical outcomes.
Methods: Patients with AAAs (n[ 26) undergoing radiologic surveillance were identiﬁed. Custom MATLAB algorithms
generated UWT and VWT aortic geometries from computed tomography angiography images, which were subsequently
loaded with systolic blood pressure using FEA. PWS and aneurysm expansion (as a proxy for rupture risk and the need for
repair) were examined.
Results: The average radiologic follow-up time was 22.0 6 13.6 months and the average aneurysm expansion rate was
2.86 1.7 mm/y. PWS in VWTmodels signiﬁcantly differed from PWS in UWTmodels (2386 68 vs 2126 73 kPa; P[
.025). In our sample, initial aortic diameter was not found to be correlated with aneurysm expansion (r[ 0.26; P[ .19).
A stronger correlation was found between aneurysm expansion and PWS derived from VWT models compared with PWS
from UWT models (r [ 0.86 vs r [ 0.58; P [ .032 by Fisher r to Z transformation).
Conclusions: The inclusion of locally VWT signiﬁcantly improved the correlation between PWS and aneurysm expansion.
Aortic wall thickness should be incorporated into future FEA models to accurately predict clinical outcomes. (J Vasc Surg
2015;61:217-23.)
Clinical Relevance: There is growing evidence in the literature suggesting that peak wall stress derived from ﬁnite element
analysis of abdominal aortic aneurysms is a superior predictor of clinical outcomes compared with traditional maximum
diameter measurements. Almost all biomechanical analyses to date assume an aortic wall of uniform thickness. In this
study, the inclusion of a variable wall thickness aortic wall into ﬁnite element studies not only signiﬁcantly altered
calculated peak wall stress, but it also improved its correlation to the clinically relevant outcome of aneurysm growth.
These results suggest that stress analysis-derived rupture risk stratiﬁcation may be further improved using variable wall
thickness aortic reconstructions.Aortic diseases, including aortic aneurysms, are the diameters exceeding 5.5 cm, or with aneurysm expansion
12th leading cause of death in the United States.1 Abdom-
inal aortic aneurysm (AAA) rupture is a major source of
morbidity and mortality, with recent studies reporting
mortality rates of 40% to 50%.2,3 Surgical intervention is
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://dx.doi.org/10.1016/j.jvs.2013.08.032rates greater than 10 mm/y. However, a previous autopsy
study estimated that 10% to 24% of ruptured AAAs are less
than 5.5 cm in diameter.4 Furthermore, in a study of 161
ruptured AAAs, Nicholls et al reported that 7% had a diam-
eter of less than 5.0 cm,5 indicating that improved risk
stratiﬁcation of AAAs may positively impact morbidity
and mortality.
A variety of parameters have been suggested as alterna-
tive predictors of AAA rupture, including AAA expansion
rate. Ruptured aneurysms have been shown to have higher
expansion rates than unruptured aneurysms.6,7 However,
accurate determination of expansion rates requires serial
studies using the same imaging modality, making this index
of rupture risk cumbersome in many clinical scenarios and
at times necessitating repeated exposure to ionizing radia-
tion. A recent meta-analysis of small (3.0-5.5 cm) aneu-
rysms yielded a pooled growth rate of 2.3 mm/y.8 While
this study demonstrated that aneurysm expansion was posi-
tively correlated with aneurysm diameter, there was signif-
icant variation unexplained by diameter alone, suggesting
that other factors were more correlated with aneurysm
growth.217
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computed using ﬁnite element analysis (FEA), have also
been proposed as improved predictors of AAA rupture.
Aortic wall stress analyses using FEA have shown signiﬁ-
cantly higher PWS in ruptured AAAs compared with
unruptured ones. In addition, measurements of PWS
have been found to be more sensitive and speciﬁc predic-
tors of rupture than diameter alone.9,10 Li et al correlated
aneurysm wall stress with expansion rate, showing that
individual aneurysms with higher shoulder stresses were
associated with increased AAA expansion.11
The accuracy of numerical simulation in aortic aneu-
rysms is predicated upon precise reconstructions of aneu-
rysm geometry, as well as realistic material properties of
the arterial wall and other aneurysm components such as
intraluminal thrombus (ILT) and wall calciﬁcations. A
review of wall stress calculations in AAAs yields a heteroge-
neous mixture of techniques that vary signiﬁcantly in both
manner of geometric reconstruction and method of
numerical simulation. Despite the fact that signiﬁcant
regional variations in aortic thickness have been demon-
strated in pathologic specimens,12,13 the vast majority of
biomechanical analyses of aneurysms assume uniform aortic
wall thickness. The lack of varying, locally resolved wall
thickness in computational models has been stressed as
a signiﬁcant limitation in FEA of AAAs.14
While it may seem intuitive that variable wall thickness
(VWT) FEA models would differ signiﬁcantly in both PWS
magnitude as well as wall stress distribution, it is unclear
what effect these improved models would have on the
predictive capabilities of wall stress analysis. Many studies
have examined the role of model complexity,15,16 showing
signiﬁcant effects of modeling assumptions on PWS
maxima and distribution. However, improved correlation
with clinical outcomes using more complex biomechanical
models has yet to be convincingly established. Therefore,
in this study, the impact of VWT models was assessed
not only in its effects on PWS, but also in its relationship
to the clinical outcome of aneurysm expansion, which is
frequently used as a proxy for aneurysm rupture risk.10,17,18
METHODS
Patients. A total of 26 patients undergoing surveil-
lance for isolated infrarenal abdominal aortic aneurysms
were retrospectively identiﬁed. Patients were identiﬁed by
querying studies from the Radiology Information System
(Centricity RIS-IC; GE Healthcare, Waukesha, Wisc)
utilizing Pathology-Radiology Enterprise Search Tool
(Montage Healthcare Solutions, Philadelphia, Pa).
Approval was obtained from the Institutional Review
Board, and the need for informed consent was waived.
All patients had at least two computed tomography
angiography (CTA) examinations separated temporally by
6 months or more. Patients with concomitant aortic dissec-
tions, inﬂammatory or infectious aneurysms, and previous
surgical procedures involving the abdominal aorta were
excluded. All scans were initially evaluated on a three-
dimensional image analysis and modeling workstation(TeraRecon, San Mateo, Calif). Initial and ﬁnal aortic
diameters were measured as the maximum diameter
orthogonal to the aortic centerline. Aneurysm expansion
rate was calculated by subtracting the initial diameter
from the ﬁnal diameter and dividing by the period of
time. In an effort to reduce observer bias, all image series
were de-identiﬁed and both the calculation of growth rates
and the structural analysis were performed in random
order.
Image segmentation and aneurysm reconstruction.
Three-dimensional AAA geometries were reconstructed
from individual stacks of two-dimensional CTA images
using a series of custom MATLAB (The Mathworks,
Natick, Mass) algorithms. Individual CTA slices were
analyzed from the renal arteries to the iliac bifurcation.
Automatic windowing was applied to improve the contrast
between arterial structures and surrounding tissues.
Subsequently, an anisotropic diffusion ﬁlter was applied to
the images to reduce noise and enhance borders.19
Lumen boundaries were obtained automatically by
employing an algorithm based upon active contours without
edges originally described by Chan and Vese.20 While this
algorithm was largely accurate and user-independent, it
had a tendency to “bleed” into adjacent high-intensity
structures such as the spinal column. Therefore, these areas
were identiﬁed on precontrast image series and subse-
quently subtracted from the luminal segmentation.
The outer adventitial border was traced using a semiau-
tomated method incorporating isolines constructed from
smoothed pixel intensities. The algorithm automatically
selected a threshold using curvature constraints and
comparison to previous slices. In portions of the aortic
wall where ILT was present, the inner arterial wall was
determined using a method combining histogram features
such as mean pixel intensity and standard deviation with
features based on the calculation of the gray-level co-occur-
rence matrix. Candidate areas of thrombus were compared
with user-selected training sets of ILT and differentiated
with a nearest-neighbor decision rule. As both inner and
outer boundaries of the arterial wall were separately
deﬁned, local wall thickness could be resolved. The image
segmentations were subsequently reviewed for each slice
and manual correction employed as necessary. A sample
segmentation is shown in Fig 1.
Gaussian curvature-based surface smoothing was
applied to both the arterial wall and the ILT surfaces.
The resulting surfaces were meshed into hexahedral and
tetrahedral elements for the arterial wall and thrombus,
respectively. Meshes consisted of 2.5  105 to 1.5  106
elements depending on thrombus volume. The recon-
structed mesh representing the ﬁnal mesh discretization
of the aneurysm was then exported to Abaqus/CAE
(v. 6.11; Simulia, Providence, RI) for FEA.
Model construction. For each individual aneurysm,
a VWT model and a uniform wall thickness (UWT) model
was generated. Wall thickness was calculated as the
minimum distance from the inner arterial surface to the
outer arterial surface using automated MATLAB scripts.
Fig 1. A,Digital Imaging and Communications in Medicine (DICOM) image with segmentation into luminal (green),
inner arterial (red), and outer adventitial (blue) surfaces. B, Three-dimensional reconstruction, cut at corresponding
level, with stress plot overlaid.
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opposing surface was selected on the outer arterial surface
based on distance criteria. A series of intersecting rays were
generated from the initial point, and the points of intersec-
tions with the surface of interest were calculated. The
resulting segment of shortest distance was designated the
wall thickness at this point. UWT models were created
using the previously segmented outer arterial wall as
a base and generating an inner arterial wall surface that
reﬂected the UWT condition. The outer arterial surface
was selected as the basis because it represents the surface
that is most commonly segmented in the literature. A
constant wall thickness of 2.2 mm was used, which was
the average wall thickness in aneurysmal portions of the
aorta in this 26-patient sample.
Material properties. Both ILT and the arterial wall
were assumed to be hyperelastic, homogeneous, and
isotropic. They were modeled using the nonlinear hypere-
lastic formulation derived from Raghavan and Vorp, who
examined the uniaxial properties of excised AAAs. The
strain energy functions speciﬁcally used to model the aortic
wall and ILT were
W ¼ C1 (IB3) þ C2 (IB3)2 for the arterial wall
W ¼ D1 (IIB3) þ D2 (IIB3)2 for ILT
In these formulations, W represents strain energy, and
the constants C1, C2 and D1, D2 represent material
parameters for the wall and ILT, respectively. Mean values
derived from ex vivo mechanical testing of C1 ¼
0.174 MPa, C2 ¼ 1.881 MPa, D1 ¼ 0.026 MPa, and
D2 ¼ 0.026 MPa were used.21,22 Calciﬁed elements were
modeled using linear elastic material properties, with Pois-
son’s ratio of 0.45 and Young’s modulus of 45 MPa.23
Numerical simulation. Wall stress was calculated
using FEA, which divides complex structures into
numerous smaller elements upon which stress distribution
is more easily calculated. Patient-speciﬁc systolic blood
pressures were applied as an outward acting mechanical
load. The systolic blood pressures used represented the
mean of all recorded outpatient systolic pressures for an
individual patient over the time period of surveillance.The arterial wall and ILT were composed of ﬁrst-order
hexahedral (C3D8) and tetrahedral (C3D4) elements,
respectively. Contact with adjacent structures, including
the spine and other visceral organs, was not considered.
Similarly, shear stress generated by blood ﬂow was not
examined, as the effects have been previously determined
to be minor.24 The aorta was translationally ﬁxed at the
proximal and distal ends, and a “no-slip” condition was
placed on the interface between the arterial wall and the
ILT. The Von Mises stress, an axis-independent scalar
frequently used as an indicator of material failure was
reported.
Statistical analysis. Statistical analysis was performed
using MATLAB. Plots were generated using SigmaPlot
(Systat Inc, San Jose, Calif). Categorical variables were
compared using Fisher exact test. Continuous variables
were compared using unpaired t-tests, ManneWhitney
tests, or Wilcoxon signed-ranked tests as appropriate. The
relationships between initial aortic diameter, expansion
rate, and wall stress were calculated using the Pearson
correlation coefﬁcient. Correlation coefﬁcients were
compared using Fisher r to Z transformation. All P values
were two-sided, and a value of <.05 was considered to be
statistically signiﬁcant. All results are expressed as mean 6
standard deviation.
RESULTS
Twenty-six aneurysms in 26 patients were analyzed.
Overall patient demographics and aneurysm characteristics
are reported in Table I. The average patient age was 74.46
8.8 (range, 53-90) years, and the average follow-up time
was 22.0 6 13.6 months (range, 7-41). Average systolic
blood pressure was 133 6 14 mm Hg. The mean initial
aortic diameter was 45.8 6 7.7 mm, and the mean ﬁnal
aortic diameter was 50.6 6 9.0 mm. The average expan-
sion rate was 2.8 6 1.7 mm/y.
In a majority of cases (n ¼ 23, 88.6%), the location of
PWS did not coincide with the centerline plane of
maximum diameter. Areas of high stress were consistently
noted to be in regions of the aorta where there were abrupt
Table I. Patient demographics and comorbidities
Total number of AAAs 26
Age, years 74.8 6 8.8 (range, 53-90)
Male sex 18 (69.2%)
Hypertension 24 (92.3%)
Coronary artery disease 8 (30.7%)
Diabetes mellitus 3 (11.5%)
COPD 4 (15.4%)
Smoking history 21 (80.8%)
Time of follow-up, months 22.0 6 13.6 (range, 7-41)
Initial aortic diameter, mm 45.8 6 7.7 (range, 31-62)
Final aortic diameter, mm 50.5 6 9.1 (range, 34-71)
Expansion rate, mm/y 2.8 6 1.7 (range, 0-6.5)
Degree of calciﬁcationa, % 5.1 6 6.1 (range, 0.1-29.2)
ILT volumeb, % 20.3 6 15.8 (range, 0-55.1)
Aortic wall thickness, mm 2.24 6 0.32 (range, 1.81-2.75)
AAA, Abdominal aortic aneurysm; COPD, chronic obstructive pulmonary
disease; ILT, intraluminal thrombus.
aIndicates the percentage of the total segmented arterial wall surface area
occupied by calciﬁed elements.
bIndicates the percentage of aneurysm volume occupied by ILT.
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of high curvature, such as the aneurysm neck.
Wall-thickness effects. The average wall thickness in
aneurysmal portions of the aorta across all patients was
2.24 6 0.33 mm, which is comparable to thicknesses
found in pathologic specimens in other studies.12 The
incorporation of VWT into the aortic reconstructions
resulted in signiﬁcantly higher PWS compared with UWT
models (238 6 68 vs 212 6 73 kPa; P ¼ .025). Further-
more, perceptible changes in wall stress distributions were
found when comparing the two methods (Fig 2).
Correlation coefﬁcients were calculated between aneu-
rysm expansion rate and PWS in both VWT and UWT
models, as well as between aneurysm expansion rate and
initial aortic diameter. In our sample, initial aortic diameter
was not found to be correlated with aneurysm
expansion(r ¼ 0.26; P ¼ .19). A positive correlation was
found between aortic expansion rate and PWS in the
UWT models (r ¼ 0.58; P ¼ .002), as shown in Fig 3.
Incorporation of locally varying wall thickness increased
the strength of the relationship (r ¼ 0.86; P < .001), as
shown in Fig 4. The two correlation coefﬁcients were
signiﬁcantly different (Z ¼ 2.14; P ¼ .032) by Fisher r
to Z transformation.
Gender. Women were found to have signiﬁcantly
higher aneurysm expansion rates compared with men
(4.0 6 1.5 vs 2.3 6 1.6 mm/y; P ¼ .017). PWS was
also signiﬁcantly elevated females by VWT methods
(280 6 57 vs 215 6 64 kPa; P ¼ .012) but not by
UWT methods (250 6 46 vs 194 6 78 kPa; P ¼ .074).
Of note, there were no differences in wall thicknesses
(2.20 6 0.25 vs 2.26 6 0.37 mm; P ¼ .687) or initial
aortic diameter (46.8 6 10.4 vs 45.4 6 6.5; P ¼ .676)
between men and women.
Aneurysm repair. A total of 14 patients (53.8%) were
ultimately offered aneurysm repair, culminating in 13 aneu-
rysm repairs. One patient with a symptomatic aneurysm
refused intervention. Twelve patients underwent EVAR,and a single patient underwent open aneurysmorrhaphy.
Six patients were urgently repaired due to symptomatic
disease. The remaining seven patients were repaired elec-
tively based on aneurysm size.
A comparison of symptomatic aneurysms and asymp-
tomatic aneurysms is shown in Table II. Symptomatic
aneurysms were found to have a higher expansion rate
(4.6 6 1.3 vs 2.1 6 1.4 mm/y; P < .001). In addition,
symptomatic aneurysms had signiﬁcantly higher PWS
when using VWT methods (286 6 76 vs 216 6 57 kPa;
P ¼ .018) but not when using UWT methods (243 6
94 vs 199.5 6 64 kPa; P ¼ .188). Aortic diameter did
not differ signiﬁcantly between symptomatic and asymp-
tomatic aneurysms (49.8 6 8.6 vs 44.3 6 7.0 mm; P ¼
.101).
DISCUSSION
The ultimate goal of computational biomechanical
modeling in aortic aneurysms is to provide better rupture
risk stratiﬁcation than diameter measurements alone. While
there is growing evidence in the literature that wall stress is
a superior predictor of clinical outcome, current biome-
chanical models suffer from a number of shortcomings.
The current study represents an attempt to address one
of these shortcomings by examining the role of locally
varying aortic wall thickness in FEA of AAAs.
By comparing models assuming UWT to VWT
models, it was found that incorporating local wall thickness
signiﬁcantly changed both PWS and altered its regional
distribution. The ﬁnding that inclusion of wall thickness
signiﬁcantly impacts computational wall stress predictions
echoes previous calls for the inclusion of variable and
regional wall thickness in modeling aortic aneurysms.14,15
Spatial correlations were also found between the distribu-
tion of wall thickness and the stress distributions in indi-
vidual aneurysms.
Because of the relative infrequency of rupture, rapid
dilatation is often and customarily used as a proxy for
rupture risk, as it is in this study.17,18 Aneurysm expansion
rates were found to be more correlated with PWS values
derived from VWT models than ones from UWT models.
Furthermore, symptomatic aortic aneurysms were found
to have signiﬁcantly higher expansion rate and higher
PWS in VWT models but not in UWT models. Although
the sample size (n ¼ 26) is somewhat small, the ﬁndings
suggest that the use of VWT models might lead to more
reliable assessments of rupture potential.
In the current study, females were found to have
increased PWS and AAA expansion rates. Although it is
widely accepted that female sex is a signiﬁcant risk factor
for aneurysm rupture, its effect on expansion is more
controversial. Some studies have found increased expansion
rates in women,25 whereas other studies have disputed this
claim.26,27 A recent FEA study did not demonstrate
increased PWS in women but used image segmentation
methods based on deformable models that did not feature
image-based regional wall thickness.28 Similarly, our
UWT models failed to detect a statistical difference
Fig 3. Plot showing relationship between peak wall stress (PWS)
derived from uniform wall thickness (UWT) ﬁnite element analysis
(FEA) and aneurysm expansion rate.
Fig 2. A, Calculated wall-thickness map overlaid onto aortic geometry. B, Stress contour map derived from uniform
wall thickness (UWT) aortic geometry. C, Stress contour map derived from variable wall thickness (VWT) aortic
geometry. Note the colocalization of areas with low wall thickness and high peak wall stress (PWS), especially in the
aneurysm neck.
Fig 4. Plot showing relationship between peak wall stress (PWS)
derived from variable wall thickness (VWT) ﬁnite element analysis
(FEA) and aneurysm expansion rate.
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women have thinner aortic walls29 and signiﬁcantly
different geometric features such as neck angulation,30,31
it is certainly plausible that a difference in PWS exists.
There are important limitations to this research. First,
the wall thicknesses calculated based on CTA data have
not been validated against measurements of actual tissue.
Unlike other arterial structures, such as the carotid where
arterial thickness has been validated with duplex ultrasound,
no universally accepted noninvasive method of measuring
aortic wall thickness exists, as no technique has been vali-
dated against tissue specimens. The validation of these
image analysis techniques clearly represents a direction of
further research, currently underway in our laboratory.Second, wall stress was calculated using ﬁnite element
techniques, which do not include the effect of blood
ﬂow. Traditionally, the impact of wall shear stress has
been ignored, as studies in the thoracic aorta have shown
it to be several orders of magnitude lower than static
stresses calculated using pressure-deformation analyses.24
As ﬂuid structure interaction techniques involve a cosimula-
tion of ﬂuid ﬂow ﬁelds and static stress, one would expect
the impact of wall thickness to persist.
Third, some modeling assumptions and simpliﬁcations
were necessary. Both the aortic wall and ILT were assumed
to have isotropic material properties, although several
studies have demonstrated anisotropy in both mate-
rials.32,33 Unfortunately, the degree of anisotropy has
Table II. Comparison between symptomatic and
asymptomatic aneurysms
Symptomatic Asymptomatic P value
Number of AAAs 7 19
Age, years 72.4 6 8.7 79.8 6 6.8 .053
Male sex 3 (42.9%) 5 (26.3%) .635
Hypertension 7 (100.0%) 17 (89.4%) 1.000
Coronary artery disease 1 (14.3%) 7 (36.8%) .374
Diabetes mellitus 0 (0.0%) 3 (15.8%) .540
COPD 2 (28.7%) 2 (10.5%) .287
Smoking history 3 (42.9%) 6 (31.5%) .661
Initial aortic diameter, mm 49.9 6 8.6 44.3 6 7.0 .101
Expansion rate, mm/y 4.6 6 1.3 2.1 6 1.4 <.001
Wall thickness, mm 2.1 6 0.2 2.3 6 0.3 .159
Degree of calciﬁcation, % 8.7 6 10.6 3.7 6 3.5 .078
ILT volume, % 18.5 6 16.4 24.3 6 15.7 .450
PWSevariable wall, kPa 286 6 76 216 6 57 .018
PWSeuniform wall, kPa 243 6 93 200 6 65 .188
AAA, Abdominal aortic aneurysm; COPD, chronic obstructive pulmonary
disease; ILT, intraluminal thrombus; PWS, peak wall stress.
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currently there exists no way of accurately estimating an
individual patient’s aortic material properties in vivo.
Finally, this study focuses exclusively on the calculation
of wall stress. When considering aneurysm rupture, both
aortic wall stress and wall strength must be considered as
an AAA will rupture only when the local stress exceeds
the local wall strength. Therefore, PWS alone may be insuf-
ﬁcient in the determination of AAA stability. As biome-
chanical properties of the aortic wall differ signiﬁcantly
between patients, as well as between different regions of
the same aorta,12,13 future work is needed to incorporate
the methods of this study with those that include the local
failure strength of the aortic wall.
CONCLUSIONS
Overall, the inclusion of locally VWT has been found
to signiﬁcantly impact ﬁnite element estimates of PWS.
Variable wall-thickness models have been shown to be
more correlated with both expansion and other clinical
outcomes than models assuming a UWT. This insight
should be used in the construction of future ﬁnite element
models and ultimately may improve the predictive capabil-
ities of biomechanical analysis.
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